Abstract-This paper proposes a unified robust zero-error tracking control scheme for constant-voltage-constant-frequency (CVCF) PWM converters to eliminate the tracking error in the presence. Based on the internal model principle, the proposed control scheme plugs a reference signal generator into the stable conventional feedback closed-loop system to accomplish zero error tracking of the dc or ac reference input. The design of the unified zero error tracking controller is systematically developed and the stability analysis of overall control system is discussed. Three examples of the proposed controlled CVCF converters, such as CVCF PWM inverter, boost-type PWM rectifier, and dc-dc PWM buck converter are studied to testify the validity of the proposed approach. Simulation and experimental results demonstrate satisfactory performance of the proposed unified robust zero error tracking controller even under parameter uncertainties and load disturbances.
I. INTRODUCTION

C
ONSTANT-voltage-constant-frequency (CVCF) PWM converters, such as dc-dc boost and buck converters, dc-ac inverters, and ac-dc rectifiers, are widely employed in various power supplies. A good power supply should have the nominal constant output under disturbances and uncertainties, good dynamic response to disturbances, and remain stable under all operating conditions.
During the past decades, many attempts have been made to develop various control schemes for CVCF PWM converters to meet with the above demands, such as deadbeat control [1] - [4] , sliding mode control [5] - [7] and hysteresis control [8] , [9] . Whereas, the deadbeat control leads to a sampling interval delay between the reference and the output and is also highly dependent on the accuracy of the parameters; random switching pattern of hysteresis control may cause the difficulty of low-pass filtering and may impose excessive stress on power device under heavy loads; discrete sliding mode control is robust to disturbances, but might degrade performance with a limited sampling rate. Although proportional-integral-derivative (PID) controllers provide robust zero error tracking for dc reference input and repetitive controllers are effective in tracking ac periodic reference inputs [10] - [14] , the complete synthesis method and stability analysis of unified zero error tracking (URZET) controllers for CVCF PWM converters are not established. The authors are with the School of Electrical and Electronics Engineering, Nanyang Technological University, Singapore 639798(e-mail: klzhou@yahoo.com; edwwang@ntu.edu.sg).
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In this paper, based on the internal model principle [15] , a discrete time unified robust zero error tracking controller is proposed for CVCF PWM converters with fixed switching frequency. The design of URZET controller with universal plug-in structure is systematically presented. The stability of overall system is discussed in detail. Based on the presented method, URZET controllers for dc-ac CVCF PWM inverter, ac-dc boost-type PWM rectifier, and dc-dc buck converters are developed to be the application examples. Simulation and experimental results are provided to support the claim.
II. UNIFIED ROBUST ZERO-ERROR TRACKING CONTROLLER
Let's consider a discrete time control system as shown in Fig. 1 , where is reference input signal, is output signal, is disturbance signal, is the tracking error signal, is the transfer function of the plant, is the reference signal generator; plug-in controller is the plug-in compensator, and is the original conventional feedback controller, e.g., PD controller. Before the plug-in of controller is chosen so that the following closed-loop transfer function is asymptotically stable (1) where is the known number of pure time step delays; is the uncancelable portion of ; is the cancelable portion of . The -transform of the transfer function for step dc signal or periodic ac signal generator can be expressed as (2) where is the control gain; for ac reference inputs, with being the reference signal frequency and being the sampling frequency; for dc reference input, and . Based on the internal model principle [15] , the zero error tracking of any reference input in the steady state can be achieved if a generator of the reference input is included in the stable closed-loop system. Therefore, for dc or ac reference inputs, the controller should include a signal generator as follows: where is low-pass filter. For dc reference inputs, is usually chosen as follows: (4) and for ac reference inputs, is chosen in the following form [16] : (5) where is obtained from with replaced by is a scalar chosen so that is the order of , and makes the filter realizable. (5) is a Zero Phase Error Tracking Controller [17] . Obviously, for systems with dc reference inputs, (3) is a discrete time integral controller, and plus is a discrete time PID controller; for systems with ac reference inputs, (3) is a discrete time repetitive controller. Repetitive controllers are widely found in industry applications [18] - [20] . Therefore, (3) is the unified approach of integral controllers and repetitive controllers.
From Fig. 1 , the transfer functions from and to in the overall in the closed-loop control system are, respectively, derived as (6) (7) From (6) and (7), it can be concluded that the overall closed-loop system is stable if the following two conditions hold: 1) The roots of are inside the unit circle, and 2) for all (8) However, in practice, there exists model uncertainty for plant. Let the unmodeled dynamics be represented in the form of a multiplicative modeling error. It is assumed that there exists a constant such that . The relation between the true system transfer function and the nominal system transfer function can be written as (9) where all poles of are inside the unit circle.
Then, for PID control systems, (8) leads to a conservative stable range for as follows: (10) In view of (1), (5) and (9), it can be derived that (11) Therefore, for repetitive control systems, (8) yields (12) From Fig. 1 , the error transfer function for the overall system is (13) Obviously, if the overall closed-loop system shown in Fig. 1 (14) Notice that when and are dc signals, their angular frequency . Hence, (14) indicates that, if the frequency of reference input or disturbance is less than half of the sampling frequency, zero steady-state tracking errors for both dc and ac reference inputs are ensured using plug-in controller [12] , even in the presence of modeling uncertainty. For CVCF PWM converters, reference inputs are constant dc inputs or CVCF sinusoidal ac inputs. Therefore, the plug-in controller (3) is the unified robust zero error tracking controller for CVCF PWM converters with fixed switching frequency.
It should be pointed out that the repetitive controller can eliminate dc tracking error, too. However, if is large, it will take too longer regulation time for plug-in repetitive controller to eliminate the dc error. Besides, comparing with integral controller, the size of the memory for the implementation of the repetitive controller is larger. Therefore, for dc reference input, plug-in integral controller is preferred.
To enhance the robustness of the system, a low-pass filter can be used in as follows [18] : (15) where (16) where are coefficients to be designed.
Notice that is a moving average filter that has zero phase shift and bring all open loop poles inside the unit circle except the one at . A first order filter is generally sufficient. On the other hand, high frequency periodic disturbances are not perfectly canceled by this controller. In this case, a trade-off is made between tracking precision and system robustness. And correspondingly, (8) is modified as follows [19] : (17) The next few sections provide three design examples of URZET controllers for CVCF PWM converters.
III. EXAMPLE 1: SINGLE-PHASE CVCF PWM INVERTER
In the discrete time domain, the dynamics of the CVCF PWM dc-ac converter with resistance load (as shown in Fig. 2 (a)) can be described as follows [1] : (18) and its output equation is (19) where is the output voltage; is the output current; is the nominal dc bus voltage;
, and are the nominal values of the inductor, capacitor and load, respectively; as shown in Fig. 2(b) , the control input is a PWM voltage pulse of magnitude (or ) with width in the sampling interval . ARMA equation for the system (18), (19) can be derived as follows: (20) where . The objective of the controller is to force the tracking error between and its sinusoidal reference with the period of to approach zero asymptotically.
A. Controller Design
One Sampling Ahead Preview (OSAP) controller [1] for the plant (20) is chosen as follows: (21) then . It yields deadbeat response with transfer function . In order to overcome one sampling interval delay of OSAP and the influence of the uncertainties and , for the sinusoidal reference input, a plug-in URZET controller-repetitive controller is proposed as follows:
where is used to enhance the robustness of the system. If , in sampled-data form, the repetitive controller (22) can be expressed as follows: (23) In fact, (23) is the same as the anticipatory learning control law [21] .
B. Robustness Analysis
With the uncertainties and disturbance and , the ARMA equation for the actual plant becomes (24) where and are calculated on the basis of the practical parameters and . When the OSAP controller (21) is applied to the plant (24) , the true transfer function becomes (25) shown at the bottom of the next page. According to the stability analysis in Section II, the overall system is stable if: 1) all poles of (25) are inside the unit circle; 2)
. 
C. Simulation and Experiment
Parameter values in the simulations and experiments: F; H; ; V; F, H; is 50 Hz, 10 V (peak) sinusoidal signal; V; Hz; kHz; . As shown in Fig. 3(a) , with these parameter values and when , all the poles of the closed-loop transfer function in (25) without repetitive controller are located inside the unit circle, the system is stable. And as shown in Fig. 3(b) , the maximum gain of in frequency domain is no more than 8. According to the stability condition for repetitive control design, the system with repetitive controller is stable if . We choose . Under some transient cases, such as plug-in of rectifier load, overcurrent might occur. Without an internal current regulator, the power switches should be shut down when the transient overcurrent flowing through switches is detected, and then the whole inverter system stops working. In practice, in order to overcome the transient overcurrent, an internal hysteresis current regulator is used. If the peak of inductor currents exceeds a upper threshold value , all switches will be dynamically turned off; if the peak of drops to be less than a lower threshold value , the switches will return working immediately. Hence the currents that flow through power switches will be limited by the threshold value . In the simulations and experiments, A and A. Figs. 4 and 5 show the simulation results of the only OSAP controlled and OSAP plus repetitive controlled CVCF PWM dc/ac converter with resistance load and uncontrolled rectifier load, respectively. With OSAP controller, the peaks of tracking error between the output voltage and the reference voltage are about 1.8 V in Fig. 4(a) and about 2.3 V in Fig. 5(a) Figs. 6 and 7 show the simulation results of OSAP plus repetitive controlled transient responses with/without internal current regulator when a uncontrolled rectifier load ( mF, ) is plugged in. Without an internal current regulator, the output transient current surges to be above 10 A and the peak of inductor currents reaches 14 A; with an internal current regulator, the output transient current drops to 7 A and the peak of inductor currents is restricted to be less than 10 A.
1) Simulation Results:
(25) Obviously, the internal current regulator can successfully overcome the transient overcurrent. Therefore, the system is robust to the transient current surge.
2) Experimental Results:
Experiment setup, as shown in Fig. 8 , has been built for the converter system shown in Fig. 2(a) . Facilities include DSPACE (DS1102) DSP development toolkits, H-bridge IGBT switches converter and HP 546002 oscilloscope. Dead time for IGBT power switches is 3 S. DSP computational delay is about 30 S. Fig. 9 shows the experimental results of the only OSAP and OSAP plus repetitive controlled CVCF PWM dc/ac converter under resistance load . Output voltage is about 8.2 V with OSAP controller in Fig. 9(a) , %; output voltage approaches 10 V with OSAP plus repetitive controller in Fig. 9(b) , %. Furthermore, Fig. 9(c) shows the tracking error is reduced from about 1.8 V to be less than 0.3 V after about 4 seconds when repetitive controller is plugged into the OSAP controlled converter. Output voltage is about 7.7 V with OSAP controller and is distorted by current surge with % as shown in Fig. 10(a) ; output voltage approaches 10 V and has less distortion % with OSAP plus repetitive controller in Fig. 10(b) . Furthermore, Fig. 10(c) shows the peak of tracking error is reduced from about 2.3 V to be less than 0.4 V after about 4 seconds when repetitive controller is plugged into the OSAP controlled converter. Nonideal effects, such as dead time for switches, computational time delay don't influence the experimental results in any significant way.
IV. EXAMPLE 2: THREE-PHASE BOOST-TYPE PWM RECTIFIER
The dynamics of the boost-type PWM rectifier (as shown in Fig. 11 ) can be described as follows [22] , with the subscript , when the switch is on and the switch is off;
, when the switch is on and the switch is off. As shown in Fig. 11(b) , each PWM switching waveform is a pulse of magnitude " " with width centered in the sampling interval with its active duty ratio , where , the subscript . The output equation is (30) The control objectives for the PWM rectifier system are to achieve: (1) unit power factor, i.e., the tracking phase errors between and approach zero asymptotically; (2) constant output dc voltage.
A. Controller Design
As shown in Fig. 12 , a URZET control scheme of double-loop structure is proposed for the PWM rectifier: inner ac currentloop; outer dc voltage-loop [4] . where ; the subscript is the sampling period. It is clear that (31) can be treated as three independent current-loop subsystems. Conventional controller for each subsystem (31) can be chosen as follows:
(32) (32) yields deadbeat response with transfer function for each subsystem. (32) is also referred to predictive controller in [3] , [4] .
Based on the URZET control theory in Section II, a URZET controller-repetitive current controller is proposed as follows to overcome the parameter uncertainties:
(33) where .
2) Stability Analysis of Current Loop:
With consideration of parameter uncertainties and , the true transfer function for the subsystem without repetitive controller (as shown in Fig. 13(a) ) is (34) where . According to the stability analysis in Section II, the overall system is stable if both following conditions hold: (1) ; (2 37) where and are designed to obtain a stable system with a satisfactory dynamic response.
The voltage-loop control subsystem is shown in Fig. 13(b) . Proportional component in the PI controller is equivalent to the conventional controller in Fig. 1 ; integral component in the PI controller is the plug-in URZET controller in Fig. 1 . The stability of the closed voltage-loop control system can be analyzed through using Routh-Hurwitz Criterion in the frequency domain or the method mentioned in Section II in the -domain.
B. Experiment
System parameter values are listed as follows. mH; mH; mH; mH; ; ; mF; mF; V; 3-phase sinusoidal voltages are 50 Hz 30 V (peak); kHz; V. Dead time for IGBT power switches is 3 S. Computational time for the URZET control algorithm is about 70 S. Fig. 14 shows -phase steady-state current response of deadbeat controlled and URZET controlled PWM rectifier. In Fig. 14(a) , from zero crossing points of both phase voltage and phase current , we can see that there is a lag between and . Fig. 14(b) shows that URZET controller force the phase displacement between and to approaches zero. Fig. 14(c) shows that the peak of current tracking error is reduced from 0.25 A to about 0.04 A after 0.7 s. Therefore, the power factor approaches unity. The response of other phase currents are similar to that of -phase. Fig. 15 (a) and (b) and (c) show the PI controlled dc bus voltage response and current response. In Fig. 15(a) , and reach the expected value after about 0.3 sec in the start step response. Figure 15(b), (c) show that returns to the reference value 80 V after about 0.1 sec under sudden load disturbance. With PI controller, can track the reference dc voltage with nearly zero error. Therefore, constant output dc voltage are achieved.
V. EXAMPLE 3: DC-DC PWM BUCK CONVERTER
The dynamics of the dc-dc PWM buck converter (as shown in Fig. 16(a) ) can be described as follows [23] : (38) where is the output dc voltage; is the inductor current; is the dc input voltage;
, and are the values of the inductor, capacitor and load, respectively. Neglecting the items of or higher orders, sampled-data form for (38) can be written as follows: (39) and its output equation is (40) where . The control objective is to force to track dc reference voltage .
A. URZET Voltage Control-PID Control
As shown in Fig. 16(b) , PID controller tracking is chosen as follows:
(41) Based on the theory in Section II, in PID controller (41), PD component is referred to the conventional feedback controller ; the integral component is the plug-in URZET controller . It can use the stability condition in Section II to determine the stable range of and for the PID controller. , and are designed to achieve a stable system with a satisfactory dynamic response.
B. Simulation
Simulation parameters: mH, mF, V, V, s, . The step response of output voltage is shown in Fig. 17(a) . After about 60 ms, output voltage approaches reference value 20 V. Fig. 17(b) and (c) shows the output dc voltage response with load changes between and 5 . In both cases, returns to the reference voltage V after about 0.03 second. With PID controller, can quickly track the dc reference voltage with zero error. PID controlled dc-dc PWM buck converter maintains constant output dc voltage under load disturbances.
VI. DISCUSSION AND CONCLUSION
For ac reference input, the plug-in repetitive controller act as URZET controller for CVCF PWM converters. Comparing with feedback controllers, the size of the memory for the implementation of the repetitive controller is larger. If , the size of the memory for the implementation of the repetitive controller is up to at least units; if , the size of memory reaches at least units. Higher the sampling frequency and the order of are, larger the size of memory is. Because the URZET controller adjusts its output once per period , it will take longer time to force the tracking error converge. However, feedback controllers have no memory and any imperfection in its performance of feedback control schemes will be repeated in all following cycles.
For dc reference input signal, integral controller is the URZET controller for CVCF PWM converters. PID controller is the proposed combined controller, where Proportional-Derivative or Proportional controller is the conventional feedback controller. Of course, other feedback control techniques such as the discrete sliding mode control with appropriate sliding surface may exhibits better dynamic performance in some cases of transient response. However, it is easier to design and implement PID control scheme.
The plug-in repetitive controller and the feedback controllers are complimentary: the fast dynamic response of the feedback controller and the high precision tracking ability of plug-in controller. Moreover, the dynamic response of our proposed URZETC scheme can be enhanced by adjusting the coefficients of the conventional feedback controller and the gain of plug-in controller. Less the parameters uncertainties for the system are, less the residue tracking errors for conventional controller are. And the convergence rate of residue tracking error can be significantly accelerated by increasing the control gain . What's more, repetitive learning control and iterative learning control have the advantageous capability to overcome nonmodelled dynamics [24] , such as time delay. With dead-time for switches and computational delay for control algorithms etc., the experimental results show URZETC scheme is robust and effective.
The three examples of the URZET controlled CVCF PWM converters, such as CVCF PWM inverter, PWM rectifier and dc-dc PWM buck converter, show that the tracking errors caused by load disturbances, dc bus voltage derivation and parameter uncertainties can be eliminated by the proposed URZET controllers. The unified robust zero error tracking control of CVCF PWM converters provide a simple and efficient approach to the design of high-performance controllers for CVCF PWM converters. Simulation and experimental results demonstrate satisfactory performance of the proposed URZET controller.
